Adaptations to exercise training are determined by the response of metabolic and molecular mechanisms that determine changes in proteins. The type, intensity, and duration of exercise, as well as nutrition, determine these responses. The importance of protein, in the form of intact proteins, hydrolysates, or free amino acids, for exercise adaptations is widely recognized. Exercise along with protein intake results in accumulation of proteins that influence training adaptations. The total amount of protein necessary to optimize adaptations is less important than the type of protein, timing of protein intake, and the other nutrients ingested concurrently with the protein. Acute metabolic studies offer an important tool to study the responses of protein balance to various exercise and nutritional interventions. Recent studies suggest that ingestion of free amino acids plus carbohydrates before exercise results in a superior anabolic response to exercise than if ingested after exercise. However, the difference between pre-and postexercise ingestion of intact proteins is not apparent. Thus, the anabolic response to exercise plus protein ingestion seems to be determined by the interaction of timing of nutrient intake in relation to exercise and the nutrients ingested. More research is necessary to delineate the optimal combination of nutrients and timing for various types of training adaptations. Protein and amino acid intake have long been deemed important for athletes and exercising individuals. Olympic athletes, from the legendary Milo to many in the 1936 Berlin games, reportedly consumed large amounts of protein. Modern athletes may consume slightly less than these historical figures, yet protein is deemed extremely important by most. Protein is important as a source of amino acids for recovery from exercise and repair of damaged tissues, as well as for adaptations to exercise training, such as muscle hypertrophy and mitochondrial biogenesis.
Furthermore, protein is utilized for fuel during exercise, albeit to a relatively limited extent, and is important for mitochondrial biogenesis, hormone production, immune function, and many other physiological processes. The scientific evidence for the efficacy of high protein intakes for exercisers is, at best, equivocal, and has been extensively debated in the scientific community (21, 27, 28, 31, 39, 40, 54, 55) . A wide-ranging discussion of this issue is beyond the scope of this article but is covered in detail by Phillips in another review in this supplemental issue (33) .
There seem to be 2 main reasons for the controversy over protein intake for athletes and exercisers. First, the methods used to determine protein requirements, for example, N balance and amino acid oxidation, are not particularly relevant to athletes (54) . Perhaps more important, the recommendation of an exact figure, or even a range, is predicated on the assumption that there is a linear relationship between the amount of protein ingested and the resulting desirable adaptation of the muscle. It is now clear that the uptake of amino acids from ingested protein is variable and dependent on many factors other than simply the amount ingested. The type of protein (49, 57) or amino acids (9, 49, 51) , concurrently ingested nutrients (9, 15, 26) , and the timing of intake in relation to exercise (48, 52) all influence the uptake of amino acids from protein sources. Thus, a particular recommendation for protein intake would seem somewhat nonsensical. The focus of this review is on the timing of protein and amino acid sources in relation to exercise with particular emphasis on the response of muscle to ingestion of amino acid sources before exercise.
Metabolic Response to Exercise
Adaptations to exercise training are specific to the type of exercise performed. In general, it can be said that resistance training results in increased muscle size and strength, particularly in Type II fibers. Endurance training results in increased oxidative capacity largely via increased number and size of mitochondria. These adaptations result from changes in the amount of various proteins in response to exercise. It is becoming increasingly clear that adaptations to training result from the accumulation of proteins caused by transient metabolic and molecular responses to individual exercise bouts (16, 17) . The responses are influenced by the type, intensity, and duration of exercise and nutrient intake. Changes in protein levels result from the responses of both muscle protein synthesis and breakdown to exercise (53, 55) .
The metabolic mechanism for changes in protein levels is the balance between the rates of synthesis and breakdown. Increased synthesis in relation to breakdown will result in positive protein balance and gains in protein. If breakdown is greater than synthesis, proteins will be lost. The changes in synthesis and breakdown of each individual protein must be controlled to account for changes that manifest themselves as phenotypic adaptation. It is possible to measure whole-body and tissue rates of protein synthesis, as well as synthesis rates of types of proteins (42) or even some individual proteins (2, 3, 42) . Measurement of breakdown rates for individual proteins has yet to be perfected (38) , however, and thus we are limited primarily to whole-body and tissue measurements of mixed-protein breakdown rates. Thus, our knowledge of the response of protein breakdown to exercise and nutrition is somewhat limited relative to what is known about the protein synthetic response.
However, the response of net muscle protein balance to exercise and nutrition results primarily from changes in synthesis rather than breakdown (5, 51) .
The primary response of muscle protein metabolism to exercise occurs after rather than during the event. During exercise muscle protein synthesis may be decreased (13) or unchanged from resting levels (14) . After exercise, muscle protein synthesis and breakdown are increased for as much as 24-48 h (4, 35) . The increase in protein synthesis is greater than the increase in breakdown, resulting in increased net muscle protein balance (4, 35) . Without ingestion of nutrients, particularly a source of amino acids, net muscle protein balance does not reach positive, that is, anabolic, levels (4, 35, 51) . There has been a great deal of attention given to ingestion of amino acids and other nutrients after exercise but only minimal investigation of the response of muscle to nutrient ingestion before exercise. A comprehensive investigation of the topic is beyond the scope of this review; thus the reader is referred to any of the many recent reviews that are relevant (31, 32, 40, 53, 54, 55, 58, 59) , including the others in this supplemental issue.
Methodology
The impact of timing of protein intake in relation to exercise on muscle protein metabolism has begun to receive more attention over the last few years (24, 37, 43, 44, 48, 52) . Several studies have used a longitudinal approach to address the importance of timing of protein intake. Ultimately, the importance of protein and amino acid nutrition for exercising individuals comes down to the adaptations that result. Thus, measurement of changes in muscle size, strength, or oxidative capacity should be the bottom line. Unfortunately, the differences between different nutrient-intake regimens are usually quite small, albeit possibly very important. The expense and difficulty in controlling (e.g., dietary intake, sleep, emotional issues, training) these studies means that most are limited to periods of weeks to months with relatively small sample sizes. Therefore, one potential problem with longitudinal endpoint studies is that the results may not be representative of the actual physiological situation (50) . Many of these studies fail to show a difference between treatments; lack of measurable difference does not necessarily indicate that no difference exists. Failure to detect a difference between treatments may mean merely that a real difference between groups was not detected because of lack of sufficient control, small number of subjects, imprecise measurement of endpoints, or the inability to carry out the study for a sufficient period of time. As a result of these difficulties, interpreting the results is often difficult, and conclusions may be rather equivocal both within and between studies.
Over the past few years, we have attempted to delineate the metabolic response of muscle to nutrient intake and exercise, particularly resistance exercise (for reviews see Tipton et al. [53, 54, 55] ). These studies investigated metabolic control of muscle protein metabolism. Moreover, if the assumption is made that the acute metabolic response represents the potential for long-term changes, results may be interpreted to discern phenotypic adaptations likely given various nutrient interventions (50) . This assumption was investigated in several recent studies (30, 47, 50, 54) . The results of those studies indicate that the measurement of the acute metabolic response to exercise and nutrient intake provides important information that may be used to delineate the long-term response of changes in muscle protein.
More recently, we conducted a series of studies aimed at examining the impact on the anabolic response to exercise of timing of nutrient intake both before and after exercise (37, 48, 52) . The primary endpoint for these studies is the area under the curve of amino acid uptake. Blood samples were taken from the femoral artery and vein before and after ingestion of nutrients along with an intense resistanceexercise routine. Amino acid concentrations were measured in the blood samples, and blood flow was measured using indocyanine green dye. Blood samples were taken periodically, and the net balance of the amino acids was calculated by multiplying the arteriovenous difference by the blood flow. The net amino acid balance was taken to represent the net muscle protein balance, and the area under the curve of the net balance represents the response of the muscle over the time of measurement-generally 3-4 h in these studies (37, 48, 52) . Positive values for area under the curve represent net uptake of amino acids, and negative values, net release. Furthermore, delivery of amino acids to the muscle was determined by multiplying the arterial amino acid concentration by the blood flow.
There are several assumptions that must be met for these measurements to represent the anabolic response of the muscle. First, uptake of the amino acids represents incorporation into muscle protein. The amino acid chosen for measurement must not be oxidized in the muscle, and it must be an essential amino acid. Thus, the branched-chain amino acids or nonessential amino acids such as alanine and glycine are not suitable for these arteriovenous balance studies. Leucine oxidation is increased by both exercise (25) and leucine intake (60), so incorporation of leucine into protein cannot be distinguished from leucine oxidation when leucine is taken up by the muscle. Essential amino acids, such as phenylalanine and threonine, which are not oxidized or produced in muscle (56) , are suitable to represent uptake and incorporation into muscle protein in arteriovenous balance studies.
Another issue to consider is the potential expansion of the free amino acid pool in muscle. If the size of the free amino acid pool increases as a result of amino acid uptake only to be subsequently released before the end of the measurement period, the measured uptake does not represent net muscle protein synthesis. It is clear that increased arterial amino acid amino acid after amino acid or protein intake results in expansion of the intracellular free pool with subsequent release of the amino acids back into the venous blood without incorporation of some of the amino acids (47) . Thus, these studies must account for the amino acids that are taken up but not incorporated by making the period of measurement long enough to include the release of the amino acids, measuring the intracellular free pool and subtracting the amino acids remaining, or both. In our studies, muscle biopsies were taken before the ingestion of the investigated nutrient solution and at the end of the measurement period (10, 47, 48, 49, 52) . The intracellular amino acid concentration was calculated and subtracted from the calculated uptake by the muscle. The resulting value then gives the net muscle protein synthesis, assuming that all amino acids remaining in the pool will be released, that is, the lower end of the possible range of net muscle protein synthesis (10, 18, 47, 48, 49, 52) . Therefore, it is possible to determine the higher and lower ends of the range of possible values for net muscle protein synthesis.
Finally, we may determine the uptake of ingested amino acids by calculating the amino acid uptake divided by the amount ingested. This value provides an indication of response of net muscle protein synthesis relative to the amount of the measured amino acid in the ingested protein. Uptake of a particular amino acid will increase along with increasing amounts ingested, thus potentially causing an over-or underestimate of the amount of net muscle protein synthesis as a result of protein ingestion (18, 49) . Given these considerations, arteriovenous balance of single amino acids may be used to determine differences in the response of muscle anabolism to various exercise and nutrient interventions, such as differences in timing of nutrient intake (37, 48, 52).
Timing of Ingestion of Amino Acid Sources in Relation to Exercise
Postexercise nutrient ingestion has been investigated by several previous researchers (24, 37, 44) , but only recently has the anabolic response of muscle to preexercise feeding been examined and compared with postexercise responses. In an earlier investigation, untrained volunteers ingested 6 g of essential amino acids plus 35 g of carbohydrate immediately before initiation and immediately after completion of an intense, leg-resistance-exercise routine (52) . Net muscle protein balance was determined, and expansion of the free amino acid pool was accounted for by measuring intracellular amino concentrations from muscle biopsies before nutrient ingestion and at the end of the measurement period. We found that amino acid uptake was greater when the nutrients were ingested before the exercise bout than immediately afterward (52) . Furthermore, when compared with a previous investigation using identical methods (37), the anabolic response to amino acid/ carbohydrate ingestion before exercise is superior to that after exercise. Finally, the immediate anabolic response to ingestion of these nutrients is similar whether they are ingested at 1 or 3 h postexercise (37) . Thus, whereas a comparison based on the same measurements, that is, amino acid uptake over 3 h of measurement, cannot be made for the 3-h-postexercise time point, it is at least intuitively obvious that the anabolic response to exercise and amino acid/carbohydrate ingestion is greater with preexercise ingestion versus immediately, 1, and 3 h postexercise. In fact, when compared with the response to many different types and combinations of nutrients and timing of ingestion, the utilization of amino acids from ingested proteins or amino acids is greatest when essential amino acids combined with carbohydrates are consumed before exercise (54) .
It is important to emphasize that the amino acid source that provided the greatest response was in free form and was combined with carbohydrates (52) . Because ingestion of free amino acids for most people is less likely-because of taste, cost, and other issues-we decided to examine the response of muscle protein metabolism to whey proteins before exercise (48) . Untrained volunteers ingested 20 g of whey proteins either immediately before resistance exercise or 1 h postexercise. We chose 1 h postexercise because, based on our previous studies, the 1-h response was greater than immediately postexercise (52, 37) . There was little, if any, difference in amino acid utilization between the pre-and postexercise treatments. Thus, it seems that, in respect to the response of muscle anabolism to timing of ingestion, not all amino acid sources are alike. The response is variable depending on not only the timing of amino acid intake but also the combination of timing and source of amino acids or perhaps the concurrently ingested nutrients.
The reasons for the difference in response between essential amino acids and carbohydrates and whey proteins are not immediately obvious. There are several differences between the 2 studies that may contribute to the differences between them. There was no carbohydrate ingested along with the whey protein (48) . It is unlikely that the differences in insulin response would explain the different responses of amino acid uptake after ingestion of essential amino acids or protein because the insulin responses were similar (48, 52) . The postexercise timing of ingestion was different between studies. Amino acids and carbohydrates were compared immediately before exercise with immediately after exercise, but whey-protein ingestion was compared immediately before exercise with 1 h after exercise (48) . We chose 1 h because the response to ingestion of essential amino acids at 1 h after exercise (37) was slightly greater than immediately after exercise (52) . However, we cannot rule out the possibility that amino acid uptake from whey proteins would not be the same as free amino acids ingested at different times after exercise. Furthermore, more total energy was ingested in the free amino acid plus carbohydrate treatment. A total of 164 kcal were ingested (26) versus 80 kcal during the whey-protein treatment (48) . Whereas indications are that the anabolic response to acute ingestion depends more on the amino acids ingested than on the total energy intake (9, 24, 26, 44) , the influence of energy cannot be ruled out.
The most likely reason that free amino acids ingested before exercise lead to superior amino acid uptake versus after exercise is differences in delivery of amino acids to the muscle. Amino acid delivery, particularly during exercise, was not different between pre-and postexercise ingestion of whey proteins (48) , but preexercise ingestion of free amino acids resulted in much greater amino acid delivery during exercise than postexercise ingestion (52) . Thus, if delivery of amino acids to the leg is a key component for the anabolic response (5), these data suggest that it is delivery that explains the differences between whey proteins and free amino acids.
These studies provide no specific data to allow a clear explanation of why amino acid delivery was greater for free amino acids ingested before than after exercise but not different for whey proteins. Digestion of the protein may limit the amount of amino acids in the blood during exercise when blood flow is high, thus reducing delivery compared with free amino acids. Clearly, digestive properties of proteins influence the anabolic response at rest (11) and after exercise (57) . Support for this notion is provided by inspection of the amino acid concentration and delivery data during exercise. The increase in arterial amino acid concentrations during exercise was ~3-fold greater for essential amino acids (52) than for whey proteins (48) when ingested immediately before exercise. Thus, the delivery of phenylalanine during exercise was increased ~70% more after ingestion of essential amino acids (52) than whey proteins (48) . Given more time for digestion of the proteins before exercise, it is possible that delivery of amino acids may approach levels similar to those of free amino acids. Thus, consuming intact proteins at other time points before exercise, for example, 15, 30, 45 or 60 min, may result in a greater anabolic response than immediately before exercise. Other forms for ingestion of amino acids may be considered. At present there are no studies examining the response of muscle protein anabolism to ingestion of protein hydrolysates before exercise. Early reports suggested that protein hydrolysates may be absorbed more readily than free amino acids (19, 45) ; however, increased absorption of amino acids does not seem to lead to superior nutritional quality (29, 41) . Efficacy of protein hydrolysates has been tested primarily in clinical settings (29, 41) , so the applicability of these data to an exercise situation is questionable, at best. To our knowledge, no data from measurements of peptide absorption or the impact on protein metabolism exist in humans in relation to exercise.
There is one other possibility that may help explain the differences in the anabolic response to timing of ingestion of essential amino acids and whey proteins. Amino acids serve not only to supply substrate for synthesis of muscle proteins but also as signaling molecules. A detailed discussion of the influence of amino acids on muscle-signaling pathways is beyond the scope of this review. The reader is referred to any of the many excellent reviews on this topic (8, 20, 21, 53) , including an accompanying article in this supplemental issue (22) . Amino acids, particularly leucine (54), stimulate translation-initiation pathways, resulting in increased muscle protein synthesis-both at rest (6) and after exercise (6, 51) . During exercise, AMPK activity is stimulated, resulting in an inhibition of translation initiation (7, 23) . When amino acids are ingested before exercise, translation-initiation pathways may be stimulated (22) , resulting in increased muscle protein synthesis during exercise (52) . Whereas the response of translation initiation to preexercise ingestion of an amino acid source would result in increased muscle protein synthesis and thus amino acid uptake during exercise, it is unclear how this response may explain the differences between essential amino acids and whey proteins. Both sources of amino acids should stimulate the initiation pathways. At this time, however, there are no data to suggest any reasons for differences between the 2 sources.
Clearly, there is a great deal of information yet to be determined before definitive conclusions can be made concerning the optimal timing of nutrient ingestion in relation to exercise. Undoubtedly, the basis of the response is multifactorial. There are many factors that may influence the anabolic response, including sex (46), age (12) , and training status (34, 36) of the individual; type of protein (49, 57) or form of amino acids (26, 48, 52) ingested; and other nutrients concurrently ingested (9, 15, 26, 52) . The interaction of any or all of these factors indisputably plays a role, as well. Therefore, further examination of the response to ingestion of intact proteins, as well as protein hydrolysates, alone and in combination with other nutrients at various time points before exercise may be warranted to determine the optimal time for ingestion for muscle protein anabolism.
